Contaminants can affect organisms' behaviour and, as a consequence, survival. Tau-fluvalinate (hereafter fluvalinate) is the active ingredient in a pesticide commonly used in North America to control Varroa destructor mites in honey bee (Apis mellifera) colonies. Fluvalinate's effects on honey bees are not well known. Honey bee cognitive and neural function can be assessed using the proboscis extension reflex (PER), which applies Pavlovian conditioning techniques. This study used PER to evaluate effects of fluvalinate on honey bee acquisition learning, (long-term) memory recall, responsiveness to sucrose, and mortality. We also evaluated how exclusion criteria for honey bees that did not exhibit PER during training and memory trials affected interpretation of results. Fluvalinate was administered both orally and dermally at high and low doses to mimic routes by which honey bees are exposed. We found negative effects of fluvalinate on honey bee learning, memory, responsiveness to sucrose, and survival, especially in high oral doses. We also found significant consequences to interpretation of results using different exclusion criteria. For example, almost 50% of individuals that failed to show evidence of learning subsequently showed evidence of memory. The latter results have important implications regarding traditional assessment of PER-based learning and memory; the former results suggest that evaluation of honey bee exposure to fluvalinate and attendant consequences warrants further investigation.
INTRODUCTION
Pesticides are used ubiquitously to control a variety of parasites. Hosts that are being protected by pesticides may suffer collateral damage, particularly when they share targeted biochemical pathways with their parasite. Recent significant losses, including complete colony mortality, of honey bees (Apis mellifera) have been closely linked to widespread parasitism by Varroa destructor mites (Currie et al., 2010; Guzmán-Novoa et al., 2010; Le Conte et al., 2010) . Synthetic chemical pesticides (miticides) remain the primary method of combatting V. destructor (e.g. Lipiński and Szubstarski, 2007; Maggi et al., 2009; Calderone, 2010) . Because honey bees and mites are both arthropods, collateral damage from miticides is of some concern. Although side effects to honey bees of in-hive miticides and other agrochemicals remain unclear (Chauzat et al., 2009; Mullin et al., 2010) , some reduce queen and drone survival (Rinderer et al., 1999; Haarmann et al., 2002; Pettis et al., 2004) , decrease sperm viability (Burley et al., 2008) , affect memory (Eiri and Nieh, 2012) and increase colony mortality (Johnson et al., 2009; Johnson et al., 2010) . Less conspicuous are physiological effects that can alter foraging, flight and homing behaviours (Thompson, 2003; Aliouane et al., 2009) , and reduce acquisition learning (hereafter, learning), memory recall and memory extinction (hereafter, memory) (Taylor et al., 1987; Mamood and Waller, 1990; Weick and Thorn, 2002; Abramson et al., 2004; Decourtye et al., 2005; Desneux et al., 2007) , and sensitivity to stimuli (Stone et al., 1997; Lambin et al., 2001; Aliouane et al., 2009) . These have important implications for honey bees in outdoor settings where, for example, stimuli (e.g. odour, colour, floral patterns) elicit feeding (Menzel and Shmida, 1993; Galizia et al., 2004; Grüter et al., 2006 ), colony defence (Butler et al., 1969) , nestmate recognition (Breed et al., 1995; Breed et al., 1998; Bowden et al., 1998) and other behaviours crucial to a colony's success.
Here, we examine effects of tau-fluvalinate (hereafter, fluvalinate), the active ingredient in Apistan ® , one of the commercial treatments frequently used in North America to control V. destructor, on honey bee sensitivity to stimuli and on honey bee mortality. Fluvalinate is a pyrethroid, a class of neurotoxins that prolongs membrane depolarization by acting as agonists of voltage-gated sodium channels (Sherby et al., 1986; Ray and Fry, 2006; Davies et al., 2007) . Resulting hyperexcitability can lead to musculature changes that culminate in paralysis or death. Honey bees come in direct contact with fluvalinate during in-hive applications. Successive generations may also be exposed through contact with residues in honey and beeswax (Korta et al., 2001; Bogdanov, 2006 ). Fluvalinate's relatively low toxicity to honey bees has been attributed, in part, to their detoxifying enzymes (cytochrome P450 monooxygenases, particularly CYP9Q1, CYP9Q2 and CYP9Q3) Johnson et al., 2009; Mao et al., 2011 ; see also Claudianos et al., 2006) that allow honey bees to metabolize the miticide (see also Hillier et al., 2013) . In adult honey bees, fluvalinate suppresses excitability of brain neurons and inhibits peak sodium current (Zhou et al., 2011) . Few studies have investigated effects of fluvalinate on honey bee cognition (Taylor et al., 1987; Decourtye et al., 2005) . Furthermore, we are unaware of published studies that have concomitantly assessed learning (short-term cognitive and neural function), memory (long-term cognitive and neural function) and sucrose responsiveness.
Insect learning, memory and reponsiveness can be quantified using a Pavlovian conditioning method that monitors the proboscis extension reflex (PER) (Bitterman et al., 1983) , wherein insects are trained to respond to a sensory cue, typically an odour, paired with a nutritional reward. Conditioning can take place in just one trial if associative learning is unimpeded (Sandoz et al., 1995) . More generally, honey bees' responsiveness to sucrose can be used to assess their ability to learn (Scheiner et al., 1999; Scheiner et al., 2001; Scheiner et al., 2003) , and their sucrose response threshold indicates gustatory sensitivity (Pankiw and Page, 2003; Kralj et al., 2007) . However, propensity for learning and responsiveness to sucrose can vary among individuals within the same colony because of age, season and other variables (Scheiner et al., 2003) . To control for this, researchers frequently exclude honey bees based on their initial behaviours, but selection criteria differ widely among studies (Frost et al., 2012) . Consistently, individuals that fail to respond to antennal stimulation with sucrose are not retained for conditioning procedures (e.g. Bitterman et al., 1983; Gil and De Marco, 2005; Latshaw and Smith, 2005) . However, after conditioning trials are complete, some researchers also discriminate among honey bees based on their PER responses (Smith and Cobey, 1994; Chandra et al., 2000; Latshaw and Smith, 2005; Drezner-Levy et al., 2009) . For example, to reduce experimental variation, Scheiner et al. (Scheiner et al., 2003) recommended retaining only honey bees that show the same level of sucrose responsiveness. However, effects of decision rules about excluding individuals that fail to respond during conditioning trials (i.e. degree of stringency in learning requirements) on interpretation of results have not been well studied.
We tested the hypotheses that fluvalinate would reduce honey bee learning, memory, responsiveness to sucrose, and survival. We also evaluated the effects of different exclusion criteria on interpretation of results.
MATERIALS AND METHODS

Honey bee collection and immobilization
Honey bee (Apis mellifera Linnaeus) colonies in this study had been treated in spring with oxalic acid to control Varroa destructor mites. To minimize variation in age of honey bees in our experiments, we collected only older individuals; these were honey bees found on the outside and at the entrances of colonies. Most honey bees would have been foragers (Higginson and Barnard, 2004 ) (we did not distinguish between nectar and pollen foragers) but some guards may also have been collected. Approximately 45-50 honey bees (Buckfast strain) were collected for testing on days when experiments were being run. Honey bees were collected at approximately 09:00h from entrances of colonies in Coldbrook, Nova Scotia, Canada (45°02′N, 64°33′W), in ventilated plastic vials and transported to Acadia University where they were cooled in a -18°C freezer until immobile (~2.5min) (Frost et al., 2011) . Once immobile, they could be safely restrained in plastic 1000μl pipette tips, leaving only their heads free. Conditioning and extinction experiments described below occurred between 21 June and 8 September 2010; sucrose response threshold experiments were conducted between 17 June and 16 August 2010.
For reasons beyond our control, instead of using a single colony throughout the experiments, three colonies were used in this study. The first colony was used from 21 June to 28 July; a second (3-17 August) and third (23 August-8 September) colony were used because of queen loss (in Colonies 1 and 2; causes unknown), at which point honey bees were difficult to capture because of reduced foraging departures. Use of multiple colonies has the unintentional benefit of making our results more general than had we used a single colony.
Experimental treatments
Oral applications of fluvalinate were used to mimic consumption of contaminated foods whereas dermal applications were intended to mimic in-hive contact with Apistan ® strips. Fluvalinate is a solid that is unsuitable for delivering doses at controlled concentrations over the time frame necessary for experiments, so we had to dissolve fluvalinate in acetone. Fluvalinate was then applied dermally (dorsal surface of the thorax) or orally (proboscis) in loads of 0.125μg [estimated daily exposure per honey bee in treated colonies (Johnson et al., 2009) ] and 1.25μg using a micropipette. Fluvalinate delivery occurred to immobilized, restrained honey bees in the morning; bees that did not feed were not retained for experiments. After fluvalinate exposure, honey bees were fed ~1μl of 1.5moll -1 sucrose solution using a wooden toothpick and left for ~2.5h in the dark before PER trials.
We had six treatments: control oral and control dermal with acetone only, and low-dose (0.125μg) dermal, low-dose (0.125μg) oral, high-dose (1.25μg) oral, and high-dose (1.25μg) dermal with fluvalinate. All applications were 1.25μl in total volume. Individuals from all treatment groups were tested at the same time and their responses were evaluated blind to treatment.
Conditioning and extinction trials
Honey bees were transported to a training arena, where they were exposed to stimulus-free air for 15s to ensure they were not responding to mechanosensory stimulation. Geraniol (i.e. trans-3,7-dimethyl-2,6-octadien-1-ol, Sigma-Aldrich, St Louis, MO, USA) was used as the conditioned stimulus; 3μl of 'neat' geraniol was put onto small filter paper discs and then placed inside an empty syringe. Airflow was switched from an odour-free constant airflow to the geraniol-laden syringe using a manual valve. The syringe opening was kept ~15mm from an individual's head, and geraniolscented air was presented for a total of 6s. The 1.5moll -1 sucrose solution was offered 3s after the onset of geraniol. Sucrose was offered by first touching a honey bee's right antenna for ~1s with a toothpick dipped in sucrose; sucrose was then offered at the mouthparts for 2s. Unilateral stimulation was selected to reduce any confounding effect of stimulating right or left antennae during memory trials at differing time intervals (Rogers and Vallortigara, 2008) . Residual odours were removed from the training arena using a constant vacuum flow.
Each individual followed this training protocol eight times with an inter-trial interval (ITI) of 8min. Choice of ITI varies among studies and its importance to results is debated; our choice was influenced by both practicality in processing honey bees and what we judged to be middle ground in the literature (reviewed in Frost et al., 2012) . Memory retention was monitored by assessing the PER response 24h after conditioning trials because healthy honey bees can retain information over that period (Hammer and Menzel, 1995) . At this time, odour was presented in the absence of a reward (eight extinction trials; 8min ITI).
The PER was scored as 0 if there was a lack of response, or extension of the proboscis occurred only after antennal stimulation with sucrose. The PER was scored as 1 when a honey bee opened its mandibles and extended its proboscis following presentation of geraniol but before receiving a sugar reward. For both learning and memory, scores from trials were summed for each honey bee. We did not use exclusion criteria prior to training/extinction because we wanted a more accurate representation of the average responses of individuals within a colony. When obvious issues in motor function (e.g. broken proboscis, stinger used) were noted, individuals were removed from analysis.
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Sucrose threshold trials
Following immobilization, honey bees were fed ~1μl of 1.5moll -1 sucrose solution (by stimulating their proboscis directly) and left to recover for 0.75, 1.5 or 3h. Honey bees then had their PER responses tested by measuring the sucrose threshold response by exposing the antenna to water (0moll -1 sucrose), followed by ascending sucrose solutions (Pankiw and Page, 2000; Scheiner et al., 2001; Pankiw and Page, 2003; Kralj et al., 2007) of 0.005, 0.01, 0.05, 0.1, 0.5, 1 and 1.5moll -1 to determine their responsiveness to water and sucrose. Solutions were presented every 3min to reduce sensitization between successive sucrose stimulations. A positive PER response was assigned when a honey bee extended its proboscis in response to antennal stimulation with sucrose. Scoring was as above, with a maximum score of 8 (because individuals could respond to water). As before, new honey bees were used for subsequent trials.
Mortality
Honey bee mortality was assessed 3 and 24h post-treatment. Honey bees were classified as dead when there was no evidence of antennation (characteristic constant movement of the antennae) or abdominal movement.
Statistical analyses
Statistical analyses were conducted in SPSS (SPSS, 2008) . Learning, memory and sucrose responsiveness of honey bees were compared to test for differences in effects of treatment method (oral/dermal) and dosage (high/low). A general linear model (GLM) was used to test simultaneously for effects of colony and treatment; Tukey's tests were used for post hoc pairwise comparisons. Parametric tests were used for analyses because GLMs are typically robust to deviations from normality (Winer et al., 1991) . When significant interactions were encountered, main effects were not interpreted (Zar, 1999) , data were split by one of the interacting variables, and analyses were run separately for each level of that variable. Mortality was assessed using 2×6 contingency tables for both 3 and 24h post treatment. 
RESULTS
Learning and memory: spontaneous responders and non-responders
Learning: conditioning trials
Evidence of learning was highest in early trials (Fig.1) . Responses began to wane after the fourth trial in all treatments (Fig.1 ), suggesting satiation, antifeedant effects or just poor health, although this same protocol did not previously produce this result (Frost et al., 2011) . In any case, the more important result is consistency among treatments. There was a significant effect of both colony (F 2,608 =8.1, P<0.0001) and treatment (F 5,608 =9.2, P<0.0001) on learning and memory scores (post hoc pairwise comparisons are indicated in Fig.2 ). Because the colony by treatment interaction approached significance (F 10,608 =1.7, P=0.09) , and because colony was confounded with time of year, data were reanalyzed within each colony. Treatment remained a significant predictor of learning and memory for all colonies (all F≥4.9, all P≤0.007) . In general, oral treatments interfered more than dermal treatments with honey bees' ability to learn an odour-reward association. Consistently, the most significant differences occurred between control dermal and high oral fluvalinate treatments.
To test for effects of exclusion criteria, data were re-analyzed by selecting only individuals that recalled the odour at least once during conditioning trials [this form of exclusion is not uncommon (e.g. To illustrate potential effects of selecting individuals for analyses based on their conditioning scores, significance values were calculated using more stringent learning criteria (Table1). For conditioning experiments, removal of non-responders affected significance of all three factors on honey bee learning.
Memory: extinction trials
Treatment significantly affected honey bee memory (F 5,504 =3.2, P=0.007), but there was no significant effect of colony (F 2,504 =0.1, P=0.87), nor was there a significant interaction between colony and treatment (F 10,504 =0.7, P=0.75) . After re-running the model without colony as a variable, treatment remained significant (F 5,504 =4.5, P<0.0001). In general, individuals treated with high oral doses of fluvalinate had the lowest memory scores whereas the low dermal application had the least effect on honey bee memory (Fig.3) .
When only individuals that recalled the odour at least once were retained for analysis, treatment went from being non-significant (F 5,240 =1.7, P=0.13) to being significant (F 5,240 =2.4, P=0.04) after colony (F 10,240 =1.0, P=0.36) was removed from the model (Table1; for pairwise comparisons see Fig.3 ). Post hoc tests were not used for selection criteria more stringent than ≥1 response because sample sizes were too small to continue analyzing the data separately by colony. However, none of the factors had a significant effect on memory when non-responders were eliminated (Table1).
Sucrose responsiveness
In only honey bees treated with a high oral dose of fluvalinate, ~30% of individuals (19/63) were repeatedly observed with a perpetually extended proboscis (prior to sucrose stimulation) that drooped distally.
There was a significant effect of both colony (F 1,340 =10.4, P=0.001) and treatment (F 5,340 =11.4, P<0.0001) on honey bee PER; the interaction between colony and treatment was not significant (F 5,340 =1.6, P=0.17) . There was no significant effect of recovery time (1.5h vs 3h; P=0.86). Data were reanalyzed by colony (only Colonies 1 and 2 were used for sucrose responsiveness experiments) and for both colonies treatment significantly affected sucrose responsiveness (P<0.0001 in both cases; Fig.4 ). Post hoc testing (Table2) suggested that control dermal treatments had the least effect on response scores, whereas high oral treatments of fluvalinate had the most detrimental effects on overall responsiveness to sucrose. (Fig.5 ) to avoid excessive (15) post hoc comparisons. For 24h cumulative mortality in Colony 1, control dermal (control) and low oral treatments had the lowest lethal toxicity rates whereas acetone oral and high oral treatments were highest. In both Colony 2 and 3, honey bees were most susceptible to high oral treatments and mortality was lowest among control dermal honey bees.
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DISCUSSION
Spontaneous and delayed responses
Percent spontaneous response to odour (PER on the first odour presentation) varied among the three colonies, increasing by ~6% with each successive colony used. Although it is impossible to distinguish between colony-level and temporal effects because individuals were not collected from the three colonies concurrently, if the increase in spontaneous responses is temporal (intraseasonal) it is consistent with other studies (Erber et al., 1980; Harris and Woodring, 1992) . This variation may be a result of a plethora of things including increased exposure during foraging to volatile geraniol produced by flowers (Gerber et al., 1996; Arenas et al., 2007) , or fluctuations in octopamine levels (Harris and Woodring, 1992) . Each of these may also explain apparent satiation observed here but not in Frost et al. (Frost et al., 2011) .
Approximately 30% of individuals did not respond to odour even once during conditioning trials (these are traditionally classified as non-learners). This seems to indicate a failure to learn the odour-reward association, and there was a weak positive relationship between successful learning and memory (see Results). Intuitively, this suggests that honey bees that did not learn an association would be unable to accurately recall this association at a later time. However, almost 50% of individuals classified as non-learners during conditioning trials recalled the odour successfully during extinction trials 24h post-conditioning. There are several important implications of this result. Perhaps more importantly, odour recall by non-learners during extinction trials suggests that an odour-reward association was learned despite a lack of PER. This highlights the importance of testing both learning and memory (Abramson et al., 1999; Hussaini et al., 2009 ) when assessing honey bees' learning, memory and sensitivity to stimuli, something previous studies on effects of fluvalinate have not done (Taylor et al., 1987; Decourtye et al., 2005) . Furthermore, individuals that fail to respond to odour during conditioning trials should be retained for extinction trials and included in statistical analyses (Smith and Cobey, 1994) .
Effects of fluvalinate on honey bee learning, memory, sucrose responsiveness and mortality
Oral treatments negatively affected honey bees' learning abilities more than did dermal treatments. Heightened susceptibility to oral applications of a pesticide has been noted elsewhere [e.g. imidacloprid (Suchail et al., 2000; Nauen et al., 2001) ], and may be related to the rapid movement of fluvalinate into the digestive system, whereas dermal treatments rely on passive absorption. This may be further complicated by the fact that oral administration may be less accurate than dermal, due to variability in the standard amount that any individual may ingest (Suchail et al., 2000) . The most pronounced differences occurred between the control dermal control and high oral fluvalinate treatments. In contrast, other pesticides, such as chlorpyrofos and bifenthrin, are five to seven times more toxic when applied dermally than orally (Nauen et al., 2001 ). Individuals treated with high oral doses of fluvalinate performed poorest during memory recall tests; low dermal applications had the least effect on honey bee memory, and may indicate a timesensitive detoxification of fluvalinate. Cytochrome P450 monooxygenases are effective at metabolizing fluvalinate over time Johnson et al., 2009; Mao et al., 2011) . In the present study, memory recall was assessed 24h after fluvalinate application, which may be a sufficient period for honey bees to detoxify some fluvalinate (Yu et al., 1984; Hillier et al., 2013) , eliminating potentially negative effects on long-term retention of learned associations.
In addition, high oral treatments of fluvalinate had the most detrimental effects on sucrose responsiveness, whereas control dermal treatments had the least effect. More generally, oral treatments appeared to reduce responsiveness, and this may be related to some antifeedant effect that is more pronounced when honey bees ingest compounds directly. This is similar to reduced trophallaxis observed in honey bees exposed to dosages of imidicloprid exceeding 200ng per honey bee (Suchail et al., 2000) .
Only oral treatments of fluvalinate induced unique proboscis extension behaviours. If this was simply a result of noxious qualities of acetone, a similar response should have been noted among oral acetone control and low-dose fluvalinate treatments. Thus, it suggests that the high dose of fluvalinate (a 10-fold increase over the low-oral dose) has distinctive behavioural effects (e.g. hyperexcitability of muscles) unrelated to oral contact with acetone. Physiologically, disruption in normal feeding may be the result of pharmacological action. High spontaneous PER responses may result from exposure to organophosphate compounds that inhibit acetylcholinesterase (Decourtye et al., 2005) . Fluvalinate, like other pyrethroids, results in initial hyperexcitability of cells via static opening of sodium channels, followed by tetanic paralyses of muscles (Johnson et al., 2009 ). The effects of such disruption on neurophysiological function, particularly in reference to memory acquisition and consolidation in the antennal lobes, remain unclear.
Published mortality rates from fluvalinate vary [LD 50 of 0.97μg per honey bee in Santiago et al. (Santiago et al., 2000) ; 0.56 μg per honey bee in Elzen et al. (Elzen et al., 2000) ; 6.75 μg per honey bee in Johnson et al. (Johnson et al., 2009) ] and can be affected by various physiological and environmental factors (Johnson et al., 2009) . In general, we found mortality rates from fluvalinate increased with dosage and that fluvalinate was more lethal with oral than dermal application.
Effects of data exclusion
Within a colony, there is variation among individuals in learning, memory and sensitivity to stimuli; although some researchers may favour selecting uniform responders (e.g. Scheiner et al., 2003) , these selection rules will affect results obtained and consequently interpretation of treatment. For example, spontaneous responders are almost always eliminated from further observation (Erber et al., 1980; Bitterman et al., 1983; Pelz et al., 1997; Morgan et al., 1998; Dacher et al., 2005) because it is difficult to isolate learning capabilities if individuals are transferring previously learned associations within a new context (Gil and De Marco, 2005; Farina et al., 2007) . Furthermore, individuals that fail to respond to sucrose prior to or during conditioning are often removed from further testing (Bitterman et al., 1983; Gil and De Marco, 2005; Latshaw and Smith, 2005) . However, in this study, many honey bees with relatively low gustatory response and no PER to odour [non-responders are common (Smith, 1991) ] during conditioning trials did learn the odour-reward association, indicated by positive responses during extinction trials. Thus, in studies that assess both learning and memory, researchers should err on the side of caution when determining selection criteria, and substantiate their application of selection criteria. When learning and memory recall responses in this study were tested using different selection criteria, statistical significance of various factors changed depending on the exclusion rule. There may be no standardized way of dealing with abnormal honey bee responses, and appropriate selection criteria undoubtedly will vary based on the specific question(s) being posed. However, it is imperative that authors justify their choice of data and, ideally, provide a comparison of results using different selection criteria (Smith and Cobey, 1994) . Data exclusion is commonly practised by researchers using PER paradigms. However, this makes it difficult to compare results among studies that apply different selection criteria. Furthermore, if researchers eliminate individuals based on a lack of response to odour during learning trials, important data regarding long-term effects of a treatment on honey bee memory could be lost. In our study, almost 50% of individuals that failed to respond once during conditioning trials responded to the odour during extinction trials. Therefore, researchers need to justify removal of test subjects and discuss implications for statistical analyses.
Overall patterns
There are two important findings that emerge from this study. The first is methodological: researchers need to think carefully about their exclusion criteria when using PER. We present an objective way of analyzing results with a plurality of exclusion criteria; if results are consistent regardless of the criterion, greater confidence in results can be conveyed. Second, we found a slight negative effect of fluvalinate on learning, memory responsiveness to sucrose, and survival that was positively related to dose. It is unlikely that honey bees would be exposed all at once to oral doses as high as in our single exposures because residues in honey and beeswax are not that concentrated. However, it is important to note that these were one-time applications, so inferences can only be drawn regarding immediate, rather than cumulative, effects of fluvalinate. Little research has been carried out to record the build-up of fluvalinate in honey bee tissues over time, although Haarmann et al. (Haarmann et al., 2002) found that honey bees from colonies treated the previous year with Apistan ® contained up to 0.1μg fluvalinate per honey bee. Data suggest partial detoxification of fluvalinate over 24h (Hillier et al., 2013) , but honey bees in the colony are exposed to fluvalinate daily for up to 8weeks during treatment with Apistan ® , and long-term ability of cytochrome P450s to detoxify fluvalinate is unknown (Johnson et al., 2009) . Future research should investigate effects of repeated low-dose treatments of fluvalinate to more closely mimic conditions in treated colonies.
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